our conclusions was validated at amplicon sequence variant (ASV) resolution (UNOISE2; ref. 26 ).
Convergence in root microbiota composition across A. thaliana
populations. If plant roots establish stable associations with microbial communities across large geographical distances, we expect a strong host-filtering effect on root microbiota composition.
Inspection of alpha-diversity indices across all 17 sites and 3 years revealed a gradual decrease of bacterial, fungal and oomycetal diversity from the soil to the root endosphere (Kruskal-Wallis with Dunn's post-hoc test, P < 0.05), with a stronger decrease for bacteria than for filamentous eukaryotes ( Fig. 1b and Extended Data Fig. 2a,b ). Analysis of microbial community structure based on average Bray-Curtis distances across replicates and years Only OTUs with RA > 0.1% were considered. The total number of processed samples was 896 and only those with more than 1,000 reads were used to calculate average Bray-Curtis distances. Compartments are indicated with coloured squares (dark red: soil; grey: rhizosphere (RS); light green: rhizoplane (RP); dark green: root). For each sample, community composition (class or order level) is indicated with bar plots, and microbial alpha diversity is represented with black bars according to the number of observed OTUs in the corresponding rarefied datasets (1,000 reads). c, Differential abundance analysis (class or order level) between the four Swedish soil samples and the other 13 soils, as well as between root and soil samples. Triangles depict statistically significant differences (Wilcoxon rank-sum test, FDR < 0.05). d, PCoA based on Bray-Curtis distances between samples harvested across 17 sites, four compartments and three successive years (2015, 2016 and 2017) . Microbial communities are presented for the whole A. thaliana dataset for bacteria (n = 881), fungi (n = 893) and oomycetes (n = 875) and are colour coded according to the compartment. Open circles represent the Swedish samples and closed circles represent all of the other samples. OTUs with RA < 0.1% were excluded from the dataset. Map data in a adapted from Google Maps, 2018. revealed that bacterial communities in the root endosphere and rhizoplane cluster by compartments, and by site in the rhizosphere and soil (Fig. 1b) . In contrast, no clear clustering by compartment was observed for fungi and oomycetes (Fig. 1b ). This pattern was corroborated by permutational multivariate analysis of variance (PERMANOVA) with Bray-Curtis distances (Adonis function in the R library vegan; Supplementary Table 3 ), which indicated that the factor site explained far greater variation in fungal and oomycetal community composition (Adonis: degrees of freedom (d.f.) = 16; fungi: coefficient of determination (R 2 ) = 0.21; P < 0.001; oomycetes: R 2 = 0.14; P < 0.001) than did compartment (Adonis: d.f. = 3; fungi: R 2 = 0.06; P < 0.001; oomycetes: R 2 = 0.03; P < 0.001; Supplementary  Table 3 ). In contrast, variation in bacterial community composition was similarly explained by site (Adonis: d.f. = 16; R 2 = 0.18; P < 0.001) and compartment (Adonis: d.f. = 3; R 2 = 0.16; P < 0.001) (Supplementary Table 3 ). Compared with surrounding soil samples, microbial communities in plant roots showed a significant increase in relative abundance (RA; average across replicates and years; n = 17) for taxa belonging to the bacterial classes Betaproteobacteria and Gammaproteobacteria, the fungal classes Leotiomycetes and Dothideomycetes and the oomycetal order Pythiales (Wilcoxon rank-sum test, false discovery rate (FDR) < 0.05; Fig. 1c and Extended Data Fig. 2c ). Enrichment tests based on taxa RA (class level; average across replicates and years; n = 17) and principal coordinate analysis (PCoA) ordination based on Bray-Curtis distances revealed marked differences in soil bacterial communities between Swedish soils and the other European soils (Fig. 1c,d and Extended Data Fig. 2d ). Notably, these differences largely diminished in the corresponding root samples, suggesting convergence in bacterial community composition in plant endosphere ( Fig. 1d ). Calculation of pairwise distances between site centroids (n = 17; Bray-Curtis distances) for soil and root samples separately validated that between-site variation in bacterial community composition is significantly reduced in root samples compared with soil samples (t-test, d.f. = 518; t = 5.5; P < 0.001; Supplementary Fig. 3a ). Furthermore, the percentage of shared abundant bacterial OTUs is significantly higher across root samples than across soil samples (t-test, d.f. = 18,328; t = −63; P < 0.001; Extended Data Fig. 3b,c) . Importantly, all beta-diversity metrics reported above based on OTU clustering remain stable at ASV resolution (Supplementary Table 3 and Extended Data Fig. 4 ). Our results show that the root environment drives convergence in bacterial community composition across European sites.
Root endosphere bacteria and A. thaliana exhibit stable associations. We hypothesized that root colonization by geographically widespread taxa contributes to convergence in root microbiota composition. To identify microbial OTUs that are widely distributed in the roots of A. thaliana, we calculated their prevalence across all 17 sites (the average of all 3 years), and those detected in >80% of the sites were defined as geographically widespread ( Fig. 2a and Extended Data Fig. 5 ). We observed a positive correlation (linear regression: R 2 = 0.24; n = 401; P < 0.001) between the prevalence of root-associated bacteria across sites and their RA in root samples ( Fig. 2a ). In contrast, no corresponding correlation was observed for root-associated fungi and oomycetes. By inspecting the abundance profiles of OTUs with restricted or widespread geographic distribution across compartments ( Fig. 2b and Extended Data Fig. 5 ), we observed that geographically widespread bacterial OTUs, but not fungal and oomycetal OTUs, were significantly more abundant in rhizoplane and root samples than in the corresponding soil samples (Kruskal-Wallis with Dunn's post-hoc test, P < 0.01; Fig. 2b ).
We identified 13 geographically widespread bacterial OTUs that were consistently detected in the root endosphere of A. thaliana across sites (Fig. 2a,c and Supplementary Table 4 ) and accounted for 38% of the total RA in this compartment (Fig. 2d ). These 13 OTUs, which belong to diverse genera (for example, Bradyrhizobium, Pseudomonas, Polaromonas, Acidovorax, Ralstonia, Massilia, Burkholderia, Kineospora and Flavobacterium) were detected across all 3 years ( Fig. 2a ), and nine of them were significantly enriched in plant roots compared with soil (generalized linear model, FDR < 0.05; highlighted with an asterisk in Fig. 2c ). Inspection of intra-OTU sequence variants for each of these OTUs revealed substantial sequence heterogeneity, ranging from one to eight ASVs per OTU. Sequence heterogeneity was the highest for OTU14 (Burkholderia; eight ASVs) and OTU5 (Pseudomonas; six ASVs) ( Fig. 2c ). In most cases, only one or two sequence variants showed both high prevalence (>80%) and high RA (>5%) across sites, suggesting that very few ASVs contribute to the ubiquitous nature of these OTUs. We also identified 14 geographically widespread OTUs of root-associated filamentous eukaryotes. In contrast with bacteria, these OTUs were not particularly root enriched and only five were detectable across all years ( Fig. 2a,c and Supplementary  Table 4 ). Few sequence variants were observed for these OTUs (ranging from one to two ASVs per OTU), probably due to the narrower phylogenetic breadth of the ITS versus 16S rRNA locus 27 . Our results suggest that the few geographically widespread bacteria that abundantly colonize the roots of A. thaliana drive convergence in bacterial community composition at a continental scale.
Conservation of geographically widespread OTUs in the roots of grass species.
The taxa that consistently colonize the roots of A. thaliana might also associate with distantly related plant species. To test this hypothesis, we harvested co-occurring grasses at each of the 17 sites. Amplification of the plant rbcL and MatK sequences 28 revealed that 16 different grass species were harvested across the sites and years (Extended Data Fig. 6a ). There was limited differentiation in microbial community composition observed between A. thaliana and grasses (data pooled across grass species; Adonis: d.f. = 1; root-associated bacteria: R 2 = 0.01; P < 0.001; root-associated fungi: R 2 = 0.01; P < 0.001; root-associated oomycetes: R 2 = 0.01; P < 0.001; Supplementary  Table 5 and Extended Data Fig. 6b ). Comparison of microbial OTU prevalence between roots of A. thaliana and grasses revealed overall consistency at a continental scale (Spearman's rank correlation: bacteria: r s = 0.61; P < 0.01; fungi: r s = 0.58; P < 0.01; oomycetes: r s = 0.55; P < 0.01; Extended Data Fig. 6c ). Further inspection of the widespread A. thaliana OTUs in the roots of grasses indicated high conservation of the bacterial OTUs (13/13 detected; representing 45% of the total RA), but not of the fungal OTUs (6/8 detected; 16% of the total RA; Extended Data Fig. 6a,d ). These bacterial OTUs were also consistently detected in the roots of Lotus japonicus (Fabaceae) grown in a different soil type (Cologne agricultural soil 29 ; 11/13 detected; 16% of the total RA; Extended Data Fig. 6d ). The results suggest that a small number of geographically widespread bacteria can efficiently colonize the roots of distantly related plant species and establish stable associations with plant roots over evolutionary time.
Spatial and temporal variation in root microbiota differentiation.
Despite limited between-site variation in endosphere communities across European sites, we observed spatial and temporal variation in their composition ( Fig. 3a and Extended Data Fig. 7a,b) .
Site was the primary factor explaining variation in root-associated microbial community composition (Adonis: d.f. = 16; bacteria: R 2 = 0.17; P < 0.001; fungi: R 2 = 0.19; P < 0.001; oomycetes: R 2 = 0.17; P < 0.001), but this effect was markedly lower compared with that observed in the corresponding soil samples (Adonis: d.f. = 16; bacteria: R 2 = 0.53; P < 0.001; fungi: R 2 = 0.51; P < 0.001; oomycetes: R 2 = 0.27; P < 0.001; Fig. 3b and Supplementary Table 5 ). We collected data at each of the 17 sites for a set of 18 environmental variables and identified seven groups of non-collinear variables (Extended Data Fig. 8a,b ). Across European sites, the main drivers of bacterial community composition in the soil, rhizosphere and rhizoplane were pH and/or environmental variables strongly correlated with pH, such as iron, mean air temperature and mean relative humidity (Adonis: d.f. = 1; soil: R 2 = 0.35; P < 0.001; rhizosphere: R 2 = 0.32; P < 0.001; rhizoplane: R 2 = 0.25; P < 0.001; Fig. 3c and Supplementary Table 6 ). Stronger correlations with environ-mental variables were observed for bacterial communities than for filamentous eukaryotes (Adonis: d.f. = 1; fungi: R 2 < 0.17; P < 0.001; oomycetes: R 2 < 0.11; P < 0.001; Fig. 3c and Supplementary Table 6 ), consistent with the prominent role of pH for spatial structuring of soil bacterial communities [10] [11] [12] . Notably, the explanatory power of group pH was reduced in root samples, where variation in microbial community composition was primarily explained by the collinear soil variables reserve P and available P for bacteria (d.f. = 1; R 2 = 0.13; P = 0.007), and by manganese for fungi (R 2 = 0.13; P = 0.015) and oomycetes (R 2 = 0.21; P = 0.017) ( Fig. 3c and Supplementary  Table 6 ). This is consistent with recent observations indicating that the effect of soil mineral nutrients on root microbiota composition is partly driven by host responses 30, 31 .
The factor year explained more variation in root-associated microbial communities (Adonis: d.f. = 2; bacteria: R 2 = 0.05; P < 0.001; fungi: R 2 = 0.11; P < 0.001; oomycetes: R 2 = 0.16; P < 0.001) than did host species separated by >140 million years of reproductive isolation 32 (Adonis: d.f. = 1; R 2 < 0.01; P < 0.001). Notably, among-year variation was particularly strong for fungal and oomycetal communities ( Fig. 3b , Extended Data Fig. 7b and Supplementary Table 5 ). Our results suggest that among-site variation in environmental conditions affects root-associated microbial communities more strongly than does temporal variation, and that differences in community composition between roots of A. thaliana and co-occurring grasses are small.
Differences in soil, climate and genotype drive root microbiota differentiation between A. thaliana populations.
We hypothesized that continental-scale variation in the A. thaliana root microbiota is mediated by interactions between soil, climate and host genotype, and that these factors differentially influence bacteria and filamentous eukaryotes. To disentangle the contribution of these factors to microbial community composition, we conducted a transplant experiment between two geographically separated A. thaliana populations in Sweden and Italy (SW4 and IT1; Extended Data PCoA 1 (17.25%) . Group pH includes pH, iron, latitude, longitude, mean air temperature and mean relative humidity. Group boron includes the factors boron, available Ca and reserve Ca. Group P includes the factors reserve P and available P. Group NO 3 includes the factors available NO 3 , reserve Mg and available Mg. Group K includes the factors available K and reserve K. Significant effects are highlighted with dark colours. In b and c, the explained variance for each factor is shown for the different compartments, and the percentage of explained variance for each parameter was calculated based on PERMANOVA (P < 0.001 (b) and P < 0.01 (c); Supplementary Tables 5 (b) and 6 (c)). Fig. 9a,b ). We transplanted seedlings of each plant genotype into soils from both SW4 and IT1 at each site in autumn, at the time of natural seedling establishment in the local populations ( Fig. 4a ). At fruit maturation, the two A. thaliana genotypes were harvested and community composition was defined for bacteria, fungi and oomycetes in the soil and whole-root (root-with rhizoplane-associated microbes) samples (n = 131; Fig. 4b ).
Consistent with the European transect survey, we observed a larger compartment effect for bacteria than for filamentous eukaryotes (Adonis: d.f. = 1; bacteria: R 2 = 0.22; P < 0.001; fungi: R 2 = 0.09; P < 0.001; oomycetes: R 2 = 0.04; P < 0.001) ( Fig. 4b (top panel) and Supplementary Table 7 ). Because no Italian plants survived at the Swedish site (Extended Data Fig. 9c ), we used a canonical analysis of principal coordinates to assess the genotype effect among whole-root samples at the Italian site only (capscale function in R). Canonical analysis of principal coordinates, constrained by genotype, indicated a small but significant effect of the host genotype, which explained 2.4% (d.f. = 1; P = 0.001), 2.4% (d.f. = 1; P = 0.026) and 2.9% (d.f. = 1; P = 0.002) of the variance in bacterial, fungal and oomycetal community composition, respectively (Extended Data Fig. 9d ).
PERMANOVA, conducted separately by soil and whole-root compartment, indicated that the origin of soil (Italy versus Sweden) explained substantially more variation in bacterial soil biota than did transplant location (Adonis: d.f. = 1; soil origin: R 2 = 0.62; P < 0.001; transplant location: d.f. = 1, R 2 = 0.16; P < 0.001; Supplementary  Table 7 ). This was also the case for bacterial communities associated with whole-root samples (Adonis: d.f. = 1; soil origin: R 2 = 0.47; P < 0.001; transplant location: d.f. = 1; R 2 = 0.17; P < 0.001) (Fig. 4b (bottom panel) and Supplementary Table 7 ). Compared with bacteria, the percentage of variance explained by origin of soil was weaker for fungi and oomycetes in the soil fraction (Adonis: d.f. = 1; fungi, R 2 = 0.30; P < 0.001; oomycetes, R 2 = 0.06; P < 0.001). Instead, location was largely accounting for between-site variation in microbial eukaryotic assemblages in soil (Adonis: d.f. = 1; fungi, R 2 = 0.27; P < 0.001; oomycetes, R 2 = 0.19; P < 0.001). In whole-root samples, the effect of location was as strong as the effect of soil for fungi (d.f. = 1; location, R 2 = 0.15; P < 0.001; soil origin, R 2 = 0.15; P < 0.001) and stronger than the effect of the soil for oomycetes (d.f. = 1; location, R 2 = 0.11; P < 0.001; soil origin, R 2 = 0.05; P < 0.001) ( Fig. 4b (lower panel) and Supplementary Table 7 ). These results were validated at ASV resolution (Supplementary Table 7 ).
Inspection of the abundance profiles of microbial taxa in wholeroot samples showed stable prevalence of geographically widespread bacterial OTUs which are detectable across different soil × location × genotype combinations (Extended Data Fig. 10a-c) , and pointed to the differential impact of site-and soil-specific factors on different taxonomic groups of the root microbiota (Extended Data Fig. 10d ). For example, variation in root-associated Actinobacteria was almost exclusively explained by soil origin, whereas variation in root-associated Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria was explained by soil origin and location to similar degrees. Similarly, detection of root-associated fungi belonging to Dothideomycetes was location dependent, whereas detection of those belonging to Leotiomycetes was largely explained by soil origin. Overall, 74.4 and 86.3% of root-associated fungal and oomycetal OTUs, respectively, responded to a difference in location or location × soil, whereas this percentage dropped to 44.7% for root-associated bacterial OTUs (Extended Data Fig. 10d ). Taken together, our data suggest that location-specific factors such as climatic conditions affect the differentiation of root-associated filamentous eukaryotic communities more than that of bacteria.
Differences in soil conditions weakly contribute to adaptive differentiation between A. thaliana populations. If adaptation to local soil conditions contributes to adaptive differentiation between
A. thaliana populations, the advantage of the local over non-local genotype should be greater when plants are grown on local soil. To test this hypothesis, we scored plant survival and fecundity (number of fruits per reproducing plant) and estimated overall fitness (number of fruits per seedling planted) of the plants grown in the reciprocal transplant experiments at the sites IT1 and SW4 (n = 1,008; Supplementary Table 8 ).
At the IT1 site, the relative fitness of the local genotype was higher on local than on non-local soil: the mean fitness of the Italian genotype was 58 times higher than that of the non-local Swedish genotype on Italian soil (corresponding to a selection coefficient of s = 0.98), and 23 times higher (s = 0.96) on Swedish soil (significant soil × genotype interaction; mixed-model analysis of variance: F 1,10 = 5.7; P = 0.038) ( Fig. 4c and Supplementary Table 9 ). The strong local advantage was a function of both higher survival and fecundity (Extended Data Fig. 9c ). At the SW4 site, no Italian plant survived to reproduce (Fig. 4c) ; it was therefore not meaningful to compare adaptive differentiation on the two soil types. However, the Swedish genotype showed 3.5-fold higher survival and 4.0-fold higher overall fitness when planted in Swedish soil compared with in Italian soil (one-tailed test; survival: t = 1.81; P = 0.060; overall fitness: t = 2.14; P = 0.039) ( Fig. 4c and Extended Data Fig. 9c ). These results showed a strong selective advantage for the local A. thaliana genotype at both sites, consistent with previous studies on the same populations 15, 33 . However, despite the marked differences in the geochemical properties and microbial communities of the soil, adaptation to local soil conditions explained only a small fraction of the adaptive differences between the two A. thaliana populations. This suggests that adaptation to climatic factors, and possibly other environmental variables not determined by soil characteristics, is the primary driver of adaptive differentiation between A. thaliana populations in northern and southern Europe.
Discussion
Our results indicate that environmental variables that explain the geographic distribution of microbes in soil have less predictive power in plant roots. The reduced between-site variation observed for root-associated bacterial communities is remarkable given the large geographical distances and contrasting environments between sites. The 13 ubiquitous root-associated bacterial OTUs comprise very few abundant sequence variants, implying that a small subset of conserved taxa have evolved mechanisms to dominate the bacterial root microbiota at a continental scale, irrespective of major differences in the surrounding bacterial soil biota. These taxa are often detected in the roots of divergent plant species across various environments [34] [35] [36] [37] [38] , and probably explain the similarity in bacterial community composition observed across microbiome studies 39 . Bradhyrhizobium and Burkholderia (OTU8, OTU4987, OTU13, OTU14 and OTU4486 in this study) were the two most dominant of the 47 widespread genera in the roots of 31 diverse plant species across a 10-km transect in Australia 37 . The remarkable phylogenetic diversity among these taxa also suggests convergent evolution and metabolic adaptation to the root habitat in phylogenetically distant bacterial lineages 40 .
A Pseudomonas OTU was the most dominant and prevalent in the roots of A. thaliana and grasses (OTU5; RA = 14.4%), pointing to Pseudomonas taxa as robust root colonizers. Inspection of sequence heterogeneity within OTU5 identified two variants (zero-radius OTU1 (zOTU1; RA = 11%; prevalence = 1; related to Pseudomonas chlororaphis) and zOTU4 (RA = 3.5%; prevalence = 1; related to Pseudomonas simiae)) that are phylogenetically distant from Pseudomonas viridiflava, the dominant taxon in the A. thaliana phyllosphere 41 . Although some of the widespread bacteria might represent potential pathogens 41 , many are probably carrying important beneficial functions for A. thaliana survival, including pathogen protection 3, 40, 42 or plant growth promotion 43, 44 . Whether this widespread association between plant roots and bacteria is evolutionarily ancient, and the extent to which it has contributed to plant adaptation to terrestrial ecosystems, remains to be seen. Irrespective of this, the 13 OTUs identified here in A. thaliana roots provide a framework for the future design of low-complexity synthetic bacterial communities from culture collections of root commensals, and co-culturing with gnotobiotic plants 45 to study their contribution to plant health in laboratory environments.
The results of the reciprocal transplant between two widely separated A. thaliana populations showed that bacterial and fungal assemblages are differentially controlled by edaphic and climatic conditions at the root interface. Our observation that transplant location affected the community composition of filamentous eukaryotes more strongly than that of bacteria suggests that the response to climate varies among microbial kingdoms 46, 47 . Our data corroborate the hypothesis that climate is a key driver of amongsite variation and geographic distribution of filamentous eukaryotes in soil 13, 45, 48, 49 , contrasting with the geographic distribution of soil bacteria, which is primarily controlled by edaphic factors 10 . Our data also suggest that the host genotype contributes only little to root microbiota differentiation (~2% at OTU resolution), consistent with previous studies [50] [51] [52] .
The extent to which local adaptation in plants can be attributed to local soil conditions has been examined mainly in relation to high concentrations of heavy metals 53 , serpentine 54 and high salinity 25, 55 . We observed strong local adaptation between the two selected A. thaliana populations. However, the relative performance of local and non-local host genotypes was only weakly affected by soil origin, despite extensive differences in microbial community composition and physiochemical properties between the Swedish and Italian soils. Particularly, differences in available Ca, reserve K, available Mg, pH, iron and available K between the two soils are among the largest observed across all 17 soils (Supplementary Table 1 ). Previous work has shown that genetic differences in tolerance to freezing, and phenological traits such as the timing of germination and flowering, can explain a substantial proportion of selection against the non-local genotype at the two sites 15, [56] [57] [58] [59] . Taken together, our data indicate that differences in climate have been more important than differences in soil and indigenous microbiota for the adaptive divergence between the two study populations. Future studies should determine whether the environmental factors that affect root microbiota assembly and adaptive differentiation at large spatial scales are different from those acting at smaller geographical scales.
Methods

Harvesting of A. thaliana and grasses across 17 European sites.
We selected 17 sites with variable soil characteristics across a climatic gradient from Sweden to Spain. At each site, A. thaliana and grasses occur naturally 1,3,15,60,61 ( Fig. 1a and Supplementary Table 1 ). We harvested A. thaliana from February to May at the same developmental stage (bolting/flowering stage) for one (three sites), two (one site) and three (13 sites) consecutive years ( Supplementary Table 1 ). Plants were harvested with their surrounding bulk soil with a hand shovel without disturbing the plant root system, transferred to 7 cm × 7 cm greenhouse pots and transported immediately to nearby laboratories for further processing. Four plant individuals pooled together were considered as one pooled-plant technical replicate (four technical replicates in total per site). In addition, during the first harvesting year, four plants per site were also kept individually, but negligible within-site variation in community composition was observed (data not shown). At each of the 17 sites, we also harvested and processed similarly three neighbouring grass plants growing within 50 cm of A. thaliana. In total, we collected 285 plants across 3 years.
Fractionation of soil and root samples.
To distinguish and separate four microbial niches across the soil-root continuum, plants and respective roots were taken out of the pot. Samples from the bulk soil exempt from root or plant debris were taken, snap-frozen in liquid nitrogen and stored for further processing (soil compartment). Individual plants were manually separated from the main soil body, and non-tightly adhered soil particles were removed by gently shaking the roots. These roots were separated from the shoot and placed in a 15-ml falcon containing 10 ml deionized sterile water. After ten inversions, the roots were transferred to another falcon and further processed, while leftover wash-off (containing the rhizosphere fraction) was centrifuged at 4,000g for 10 min. The supernatant was discarded and the pellet was resuspended and transferred to a new 2-ml screw-cap tube. This tube was centrifuged at 20,000 r.p.m. for 10 min, the supernatant was discarded and the pellet was snap-frozen in liquid nitrogen and stored for further processing (rhizosphere compartment). After rhizosphere removal, cleaned roots were placed in a 15-ml falcon with 6 ml detergent (1× TE buffer + 0.1% Triton X-100) and manually shaken for 2 min. This step was repeated for a total of three detergent washes, in between which the roots were transferred to a new 15-ml falcon with new detergent. After these washes in detergent, the roots were transferred to a new 15-ml falcon. The remaining washes (approximately 18 ml) were transferred to a 20-ml syringe and filtered through a 0.22-µM-pore membrane. The membrane was snap-frozen in liquid nitrogen until further processing (rhizoplane compartment). Lastly, roots that had been washed three times were subjected to a further surface sterilization step to further deplete the leftover microbes from the root surface. Roots were sterilized for 1 min in 70% ethanol, followed by 1 min in 3% NaClO, and rinsed five times with deionized sterile water. These roots were dried using sterile Whatman paper and snap-frozen in liquid nitrogen until further processing (root compartment) (Extended Data Fig. 1a ).
In total, 1,125 samples were produced after fractionation. We validated the fractionation protocol by printing processed roots on 50% Tryptic Soy Agar (TSA) before fractionation, after each detergent wash and after surface sterilization. Washes produced after each fractionation step (without treatment, after each detergent step and after surface sterilization) were also plated on 50% TSA. In brief, treated roots were cut and placed on plates containing 50% TSA medium for 30 s and then removed. After 3 d at 25 °C, colony-forming units were counted. Similarly, 20 µl of remaining washes were spread onto 50% TSA medium-containing plates and colony-forming units were counted after 3 d of incubation at 25 °C (Extended Data Fig. 1b ).
Reciprocal transplant experiment.
We reciprocally transplanted both soil and local A. thaliana genotypes between sites in Italy (population IT4) and Sweden (population SW4) (Extended Data Fig. 9a ). See ref. 15 for a description of the study sites and plant genotypes. Soil was collected at the two experimental sites in spring 2016 and stored at 6 °C until establishment of the experiments. Seeds were planted in Petri dishes on agar, cold stratified in the dark at 6 °C for 1 week, and then moved to a growth room (16- h At fruit maturation in spring 2017, we scored survival to reproduction and the number of fruits per reproducing plant (an estimate of fecundity), and estimated total fitness as the number of fruits produced per seedling planted (following ref. 15 ). Statistical analyses were based on block means for each genotype. No Italian plant survived at the Swedish site, and it was therefore not possible to fit a model examining the site × soil × genotype interaction. Instead, we conducted analyses separately by site. For the Italian site, we assessed differences in overall fitness due to soil, genotype and the soil × genotype association using a mixed-model analysis of variance, with block (random factor) nested within soil type. In Sweden, we used a one-tailed t-test to test the prediction that survival and overall fitness of the Swedish genotype are higher when planted in Swedish compared with Italian soil.
At the time of fitness assessment, we harvested plants and their surrounding soil by removing the whole soil plug. Soil was separated from the roots manually and a soil sample was taken. After removing loose soil particles by gentle shaking, roots were placed in a 15-ml falcon, washed by inverting with 10 ml deionized water, and surface sterilized by washing for 1 min with 70% ethanol, then washing with 3% NaClO for 1 min and rinsing several times with deionized sterile water. These whole-root samples correspond to the combination of root and rhizoplane compartments described for the European transect survey. Between six and 12 soil samples were harvested for each of the eight combinations of soil, location and genotype (n = 72), as well as three to 12 whole-root samples per condition (n = 59). Note that no Italian plants survived at the Swedish site. In total, 131 root and soil samples were harvested, stored in dry ice, and processed for DNA isolation and microbial community profiling.
Microbial community profiling. Total DNA was extracted from the aforementioned samples using the FastDNA SPIN Kit for Soil (MP Biomedicals). Samples were homogenized in Lysing Matrix E tubes using the Precellys 24 tissue lyzer (Bertin Technologies) at 6,200 r.p.m. for 30 s. DNA samples were eluted in 60 μl nuclease-free water and used for bacterial, fungal and oomycetal community profiling 1, 3 . The concentration of DNA samples was fluorescently quantified, diluted to 3.5 ng µl −1 and used in a two-step PCR amplification protocol. In the first step, V5-V7 of bacterial 16S rRNA (799F-1192R), V3-V4 of bacterial 16S rRNA (341F-806R), fungal ITS1 (ITS1F-ITS2), fungal ITS2 (fITS7-ITS4) and oomycetal ITS1 (ITS1-O-5.8 s-Rev-O) ( Supplementary Table 2 ) were amplified. Under a sterile hood, each sample was amplified in triplicate in a 25-μl reaction volume containing 2 U DFS-Taq DNA polymerase, 1× incomplete buffer (both Bioron), 2 mM MgCl 2 , 0.3% bovine serum albumin, 0.2 mM dNTPs (Life Technologies) and 0.3 μM forward and reverse primers. PCR was performed using the same parameters for all primer pairs (94 °C for 2 min, 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s and 72 °C for 10 min for 25 cycles). Afterwards, single-stranded DNA and proteins were digested by adding 1 μl of Antarctic phosphatase, 1 μl Exonuclease I and 2.44 μl Antarctic Phosphatase buffer (New England Biolabs) to 20 μl of the pooled PCR product. Samples were incubated at 37 °C for 30 min and enzymes were deactivated at 85 °C for 15 min. Samples were centrifuged for 10 min at 4,000 r.p.m., and 3 μl of this reaction was used for a second PCR. This was prepared in the same way as described above, using the same protocol, but with the number of cycles reduced to ten and with primers including barcodes and Illumina adaptors (Supplementary Table 2 ). The PCR quality was controlled by loading 5 μl of each reaction on a 1% agarose gel. Afterwards, the replicated reactions were combined and purified. First, bacterial amplicons were loaded on a 1.5% agarose gel and run for 2 h at 80 V; bands with the correct size of ∼500 base pairs were cut out and purified using the QIAquick Gel Extraction Kit (Qiagen). Second, fungal and oomycetal amplicons were purified using Agencourt AMPure XP beads. The DNA concentration was again fluorescently determined, and 30 ng DNA of each of the barcoded amplicons was pooled in one library per microbial group. Each library was then purified and re-concentrated twice with Agencourt AMPure XP beads, and 100 ng of each library was pooled together. Paired-end Illumina sequencing was performed in-house using the MiSeq sequencer and custom sequencing primers (Supplementary Table 2 ).
16S rRNA gene and ITS read processing. All paired rRNA amplicon sequencing reads were analysed with a pipeline described recently 3 . The main parts include scripts from QIIME 62 and usearch 63 . OTUs were clustered at a 97% threshold (usearch-cluster otus). Bacterial reads were checked against the Greengenes database 64 to remove non-bacterial reads. Fungal and oomycetal reads were checked against an ITS sequences database (full-length ITS sequences from the National Center for Biotechnology Information (NCBI)) to remove unwanted reads. Taxonomic assignment was done via QIIME (assign_taxonomy) for bacterial OTUs, using the Greengenes database. Taxonomic assignment for fungal OTUs was done via RDP-classifier 65 against the Warcup database 66 . Assignment of oomycetal OTUs was also done via RDP-classifier but against a self-established database. For RDP-classifier based classification, a cut-off of 0.5 was used to filter out uncertain assignments. ASVs were computed using the UNOISE2 pipeline 26 . Quality-filtered reads were truncated to an equal length and abundance sorted. ASVs/zOTUs were calculated using the usearch --unoise3 command. ASVs/ zOTUs were then further processed using the same steps as for the OTU data. To access intra-OTU diversity of widespread OTUs, all reads that were mapped to one particular OTU (using the results from the usearch --usearch_global) were used as an input for ASV/zOTU calculation (usearch --unoise3). ASVs/zOTUs were calculated for each widespread OTU individually OTU tables and alpha-and beta-diversity metrics. All OTU tables obtained from the pipelines above were filtered for very low-abundance OTUs before any further analysis. For this, only OTUs with at least 0.1% RA in at least one sample were kept. These filtered tables were used for all further analyses. For OTU-based analysis of the bacterial data, OTUs assigned as chloroplast or mitochondria derived were removed before analysis. Alpha-diversity indices (Shannon index and observed OTUs) were calculated using OTU tables rarefied to 1,000 reads. Bray-Curtis distances between samples were calculated using OTU tables that were normalized using cumulative-sum scaling (CSS 67 ). All distance-based analyses were performed using the respective Bray-Curtis distance matrices. PCoAs were done using cmdscale (R), and constrained analysis using capscale (vegan package in R).
Dendrogram and average distances. Bray-Curtis distances across replicates and years were calculated using the mean across all combinations between two sets of sites (for example, between all soil samples from site x and site y). These average distances were hierarchically clustered (hclust in R; method = 'complete') (see Fig. 1b ). Similarly, averaged RAs of taxonomic groups were achieved by averaging across all samples from a particular site-compartment combination. These mean RA values were used to estimate the differential abundance of taxonomic groups across compartments and geographic locations (Wilcoxon rank-sum test; wilcox. test in R; FDR < 0.05) ( Fig. 1c and Extended Data Fig. 2c,d) .
Variance partitioning of microbial community composition.
To test for the effects of site, year of harvesting, compartment and host species (A. thaliana versus other species) on the composition of the microbiota in samples collected across Europe, we analysed the Bray-Curtis distance matrix between pairs of samples with a permutation-based test using a PERMANOVA model with the Adonis function (R package vegan; see Supplementary Tables 3 and 5 ). The effect of environmental parameters on the microbiota composition at the European scale was tested with the same approach (Supplementary Tables 6). To avoid pseudoreplication, and because environmental variables were measured only once per site, mean Bray-Curtis distances per pair of sites across years were used in this analysis. Collinearity between environmental variables was assessed with the Spearman's rank correlation (cor.test function in R), and correlated variables (Spearman's rank correlation, r < −0.7 and r > 0.7) were grouped into explanatory groups in the model (Fig. 3c and Extended Data Fig. 8 ). Within each group, only the best explanatory variable (that is, the variable with the highest R 2 in univariate analyses) was used in the model. Except for the general statistical model ( Supplementary  Table 3 ), PERMANOVA tests were computed separately for the different fractions. In the transplant experiment, the effects of soil, location and genotype were assessed with PERMANOVA separately on soil and whole-root samples (see Supplementary Table 7 for the models used), whereas the effect of compartment was assessed with a model that included both whole-root and soil samples. Unless noted differently, P < 0.01 was considered significant.
Calculation of OTU prevalence and abundance. To calculate the site prevalence of OTUs, OTU tables were restricted to samples with >1,000 reads. Count tables were transformed to RA by division of total column (sample) sums. An OTU was marked as present in a given sample if its RA was >0.1%. OTUs present in fewer than five samples were not considered. Prevalence is the proportion of sites sampled in a given year where an OTU is present (in at least one sample with RA > 0.1%). Prevalence was calculated separately for each year and then averaged across years. This procedure was carried out individually for each compartment. Site prevalence for OTUs present in co-occurring grass species was calculated in the same way. To calculate the average RA across sites and years for a given OTU, only those samples for which the OTU was actually present were considered. In this way, prevalence and mean RA are independent. OTUs present in >80% and <20% of the sites on average were considered as geographically widespread and geographically restricted, respectively ( Fig. 2a and Extended Data Fig. 5 ). Abundances of OTUs in the three groups (geographically restricted, common and widespread) were compared between compartments using the Kruskal-Wallis test (kruskal.test with dunn.test in R; FDR < 0.05; Fig. 2b ). Root-specific enrichment for widespread OTUs, compared with soil and rhizosphere samples, was tested with a generalized linear model, as described in ref. 22 (FDR < 0.05; Fig. 2c ). To compare generalist OTUs from this study with OTUs found in the roots of L. japonicus 29 , bacterial OTUs were directly compared using the representative sequences (BLASTn; 98% sequence identity). To compare fungal OTUs, the representative sequences from geographically widespread OTUs were blasted against full ITS sequences from the UNITE database 68 . The best hits received were then used to find similar OTUs in the L. japonicus data (98% sequence identity) (Extended Data Fig. 6d ). Fig. 10 ) were examined as follows. For bacterial and fungal datasets, samples with <1,000 reads were removed, whereas for the oomycetal dataset, samples with <250 reads were removed. OTUs with a mean RA > 0.01% across all root samples were kept for the analysis. RA entries of zero were replaced by 0.001%. All RA values were log 2 -transformed, and these data were used as input for generating a heatmap (heatmap.2 function in R; gplots library). Enrichment in one of the six tested conditions (Swedish location, Italian location, Swedish soil, Italian soil, Italian location and soil, and Swedish location and soil) was estimated by comparing the mean RA of each OTU across all samples with the mean RA in the respective sample combinations. For example, to be enriched at the Italian location, an OTU must be more abundant at the Italian location compared with the Swedish location, irrespective of the soil (see the caption of Extended Data Fig. 10 ). OTUs that were not enriched in any of the conditions but were prevalent across samples (mean RA > 0.1%) are marked in grey in the heatmap. OTUs that were not enriched in any condition are not shown. Geographically widespread OTUs were identified by comparing representative sequences from the transect data with those of the reciprocal transplant experiment (BLAST at 98% sequence identity).
OTU enrichment signatures in the transplant experiment. Enrichment patterns of root-associated OTUs in the transplant experiment (Extended Data
Taxonomic assignment of grass species. We amplified the plant rbcL locus of DNA isolated from the roots of plants that co-occurred with A. thaliana at each of the 17 sites by PCR (94 °C for 40 s, then 94 °C for 30 s, 50 °C for 30 s and 72 °C for 60 s for 35 cycles, and finally 72 °C for 3 min) using the primers 1F (ATGTCACCACAAACAGAAAC) and 724R (TCGCATGTACCTGCAGTAGC) 28 . The PCR quality was controlled by loading 2 μl of each reaction on a 1% agarose gel. PCR products were purified using Agencourt AMPure XP beads, and the DNA concentration was quantified using NanoDrop. Amplification of the rbcL locus followed by Sanger sequencing was successful for 43 out of 61 samples. Amplification (94 °C for 40 s, then 94 °C for 30 s, 49 °C for 30 s and 72 °C for 60 s for 35 cycles, and finally 72 °C for 3 min) and sequencing of the MatK locus (3F_KIMf (CGTACAGTACTTTTGTGTTTACGAG) and 1R_KIMr (ACCCAGTCCATCTGGAAATCTTGGTTC)) could be determined for 11 of the 18 remaining samples, and rbcL sequences of corresponding species were retrieved at NCBI. Taxonomic assignment in different grass species was achieved by BLAST against the non-redundant database at NCBI. Four samples could not be assigned into Poacae and were excluded from all analyses. RbcL sequences were then aligned with MUSCLE using MEGA7 and trimmed at the same length (that is, 653 base pairs), and a neighbour-joining tree was inferred using evolutionary distances computed using the maximum-likelihood method (Extended Data Fig. 6a ).
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
Sequencing reads of samples from the European transect experiment and reciprocal transplant experiment (MiSeq 16S rRNA and ITS reads) have been deposited in the European Nucleotide Archive under accession numbers ERP115101 and ERP115102, respectively.
Code availability
All scripts for computational analysis and the corresponding raw data are available at https://github.com/ththi/European-Root-Suppl. Fig. 1 | Validation of the root fractionation protocol and assessment of primer amplification bias. a, Protocol to fractionate four microbial niches across a distance gradient from bulk soil to roots' interior. Roots of A. thaliana grown in their natural environments were briefly washed (1) to separate loosely attached soil particles from the root surface (rhizosphere, RS). After a second washing step, roots were vigorously washed with detergent (three times) to capture microbes that tightly adhere to the root surface (2) . The resulting washes were then filtered through a 0.22 µM membrane (rhizoplane, RP). Finally, surface sterilization of root samples by consecutive EtOH and NaClO washes enriched the final root sample in microbial root endophytes (3) . b, Validation of the fractionation protocol (depicted in panel a) was performed by printing root washes (left panel) and washed roots (right panel) on 50% Tryptic Soy Agar medium. Sequential detergent washes efficiently release microbes from the root surface and further root surface sterilization prevents the growth of rhizoplane-associated microbes (Wilcoxon rank sum test, P < 0.01). All three detergent steps were combined and filtered to prepare the RP fraction (light green dots, left panel). c, Comparison of bacterial (left panel) and fungal (right panel) classes profiled with the V3V4 and V5V7 regions of the bacterial 16 s rRNA gene, and the ITS1 and ITS2 of the fungal ITS. The correlation between the RA of each microbial class is shown (Pearson correlation: P < 0.001). Fig. 3 | Between-site variation and shared OTus in soil and root samples. a, Between-site distances based on site centroids plotted for soil and root samples for each year and for all years combined together. Distances were calculated using site centroids of Bray-Curtis distances. Statistical significance was tested using a t-test. b, Percentage of shared high-abundant OTUs among soil and root samples. OTUs having RA > 1% were considered. Statistical significance was tested using a t-test. c, Percentage of shared low-abundant OTUs among soil and root samples. OTUs having RA < 1% were considered. Statistical significance was tested using t-test. Fig. 4 | Comparison of beta-diversity metrics deriving from OTu and ASV binning approaches. a, Pearson correlation between R 2 values of explanatory factors from PERMANOVA tests with ASV and OTU datasets for bacteria, fungi and oomycetes (n = 10, see Supplementary  Table 3 ). Each dot represents an explanatory factor and Pearson's r values are indicated. b, Pearson correlation between R 2 values of explanatory factors from PERMANOVA tests with ASVs and OTUs datasets for bacteria, fungi and oomycetes (n = 6, see Supplementary Table 5 ). Each dot represents an explanatory factor and each line represents the correlation between R 2 values for a specific compartment. . Results are shown for Italian and Swedish genotypes (red and blue color, respectively) planted in Italian and Swedish soils (circle and triangle symbols, respectively) at IT1 site only since no Italian plant survived at the SW4 site. The percentage of variation explained by the two genotypes is plotted along the second axis and refers to the fraction of the total variance of the data that is explained by the constrained factor (that is genotype; bacteria P = 0.001; fungi P = 0.026; oomycetes P = 0.002). Map data in a adapted from Google Maps, 2018.
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Study description
Spatial and temporal monitoring of the Arabidopsis thaliana root microbiota in 17 European sites across three successive years. Effect of soil origin and location were uncoupled in a reciprocal transplant experiment between two A. thaliana populations in northern and southern Europe to test the contribution of edaphic and climatic conditions to root microbiota variation and local plant adaptation at large spatial scale.
Research sample
Roots and associated soil fractions (soil, rhizosphere, rhizoplane, root) were harvested from flowering Arabidopsis thaliana and cooccurring grasses (Poaceae family) at 17 natural sites in spring 2015, 2016, and 2017 (n = 1,125 samples in total). For the reciprocal transplant experiment, soil and whole root samples (root with rhizoplane microbes) were harvested from A. thaliana at fruit maturation and include 8 different genotype-soil-location combinations (n = 131 samples in total). On the host side, we scored plant survival, fecundity (number of fruits per reproducing plant), and estimated overall fitness (number of fruits per seedling planted) across 1,008 plant individuals.
Sampling strategy
Plants were harvested with their surrounding soil, transferred in pots and transported to the laboratories of collaborators within less than 24 hours after harvesting. In the laboratory, plant compartments were separated using a custom protocol. No sample-size calculation was previously performed. Due to limited plants availability in some sites and to maintain population stability across years, a maximum of 16 A. thaliana individuals were harvested per site and year. Four pooled plants were considered as one technical replicate and four (A. thaliana) and three (for grasses) technical replicates were taken per site and year. For the reciprocal transplant experiment, six to twelve soil samples were harvested for each of the eight combinations of soil, location and genotype (n = 72), as well as three to twelve whole root samples per condition (n = 59).
Data collection
Isolation of DNA from soil and root samples, as well as library preparation are described in the Methods section. Bacterial, fungal and oomycetal communities were profiled using primer pairs targeting the V2V4 and V5V7 regions of the bacterial 16S rRNA gene, the ITS1 and ITS2 segments of the fungal ITS, and the ITS1 segment of the oomycetal ITS, resulting in the sequencing of 5,625 microbial community profiles for the European transect and 393 for the reciprocal transplant experiment. Sequencing was performed using an in-house MiSeq device. In the common garden experiment, A. thaliana fitness was obtained by scoring survival after winter, flowering time and number of siliques per individual (n = 1,008 plant individuals).
Timing and spatial scale Plants were harvested along a latitudinal gradient (up to 3500 km) from Sweden to Spain. Across European sites (n = 17), all plants were harvested at the flowering stage from February to May in 2015, 2016 and 2017. The difference in harvesting time reflects that fact that not all populations flower at the same time across Europe. For example, plants at German sites were sampled in March, whereas those at Swedish sites were sampled in May. Note that plants at each site were harvested at one specific date and a similar time frame was selected every year to assess year-to-year variation. The reciprocal transplant include two geographically distant sites in Sweden and Italy in which plants were harvested at fruit maturation in April (Italy) and May (Sweden) 2016.
Data exclusions
Very few samples where 16S rRNA or ITS sequences did not meet predetermined quality checks (i.e. low quality or low read counts) were excluded.
Reproducibility
All attempts to repeat the same sampling strategies across years were successful.
Randomization
A. thaliana and grasses were randomly harvested across sites to maximize the representation of the samples taken. In the common garden experiment, seedlings were transplanted in blocks of 6x7 cells in a checkerboard design and randomly harvested for microbiota analysis.
Blinding
Blinding was not relevant for this study as plants were harvested regardless of their phenotypical state.
Did the study involve field work?
Yes No
Field work, collection and transport
Field conditions
Soil chemical properties were determined for each site and yearly average air temperature and humidity data were obtained from public online sources (see Supplementary Table 1) Location GPS coordinates and information of natural sites and reciprocal transplant sites can be found in the Supplementary Table 1 Access and import/export Collaborators of each country were contacted in order to identify natural sites and access them. Harvested samples were then transported to the laboratory and, once fractionated, shipped to the MPIPZ in Cologne in dry ice.
